Neural retina development results from growth arrest of neuroectodermal precursors and differentiation of postmitotic ceils. The QRI gene is specifically expressed in Mtiller retinal glial cells. Its expression coincides with the stage of withdrawal from the cell cycle and establishment of differentiation and is repressed upon induction of retinal cell proliferation by the V-WC gene product. In this report, we show that the QRI gene encodes several glycosylated proteins that are secreted and can either associate with the extracellular matrix or remain diffusible in the medium. By using pulse-chase experiments, the 100-103 kDa forms seem to appear first and are specifically incorporated into the extracellular matrix, whereas the 108 and 60 kDa polypeptides appear later and are detected as soluble forms in the culture medium. We also report that expression of the QRI gene is developmentally regulated in the chicken. Its mRNA is first detectable at embryonic day 10, reaches a maximal level at embryonic day 15 and is no longer detected at embryonic day 18. Immunolocalization of the QRl protein in chicken retina sections during development shows that expression of the protein parallels the differentiation pattern of post-mitotic cells (in particular Miiller cells and rods), corresponding to the two differentiation gradients in the retina: from the ganglion cell layer to the inner nuclear layer and outer nuclear layer, and from the optic nerve to the iris. At embryonic day 10, expression of the QRl protein(s) is restricted to the optic nerve region and the inner nuclear layer, colocalizing with Miiller cell bodies. As development proceeds, QRl protein localization spreads towards the iris and towards the outer nuclear layer, following Miiller cell elongations towards the photoreceptors. Between embryonic days 16 and 18, the QRl protein is no longer detectable in the optic nerve region and is concentrated around the basal segment of the photoreceptors in the peripheral retina. Our results suggest a role for the QRl gene product in the process of growth arrest and establishment of photoreceptor differentiation.
Introduction
The neural retina (NR) constitutes the neural part of the eye, responsible for the transduction of photon energy into nervous signals and for sending these signals via the optic nerve to the brain. As a neural tissue, the NR is composed of neuronal (ganglion, bipolar, amacrine, horizontal cells and photoreceptors) and glial cells (astrocytes and microglia, both restricted to the nerve fibers, and MiAler cells) (Blanks, 1982; Schnitzler, 1988) . Development of the vertebrate NR consists first of an early phase of proliferation of neuroectodermal precursors. Subsequently, each cell type withdraws from the cell cycle following a defined temporal and spatial pattern, undergoes differentiation and migrates to its final destination to be-come part of a laminated structure (Barnstable, 1987) . Differentiation proceeds along two different gradients, from the optic nerve to the iris and from the ganglion cell layer (the innermost stratum) to the photoreceptor layer (the outermost one) along the vitreal to scleral axis (Blanks, 1982; Barnstable et al., 1988) .
A correct relationship between withdrawal from the cell cycle and differentiation is determinant in retinal development. However, the mechanisms which control terminal mitosis and establishment of differentiation remain poorly understood.
Different growth factors have been implicated in maturation of the neural retina. Acidic fibroblast growth factor (aFGF) has been suggested to play a role in the late steps of vertebrate retinal differentiation and in the survival of adult cells (Jacquemin et al., 1993) . In addition, other members of the FGF family were suggested to act both in birds and mammals (Mascarelli et al., 1987; Tcheng et al., 1994a,b; Gao and Hollyfield, 1995) . Extracellular matrix components also seem to play a crucial role in retinal morphogenesis.
Laminin can promote neurite outgrowth from chicken retinal neurons (Cohen et al., 1987; Hall et al., 1987) and neurite extension of chicken retinal neurons on astrocytes can be reduced by antibodies against extracellular matrix receptors (Neugebauer et al., 1988) . Other matrix proteins like merosin, vitronectin or thrombospondin have also been implicated in neurite and axon outgrowth of retinal neural cells (Cohen and Johnson, 1991; Neugebauer et al., 1991) . Chondroitin sulfate proteoglycans, may influence the direction of retinal ganglion cells outgrowth by inhibiting the outgrowth towards the outer layers (Snow et al., 1991) . Nevertheless, not all neural cell types of the retina respond in the same way to extracellular matrix components. For example, certain retinal neurons do not extend processes on laminin or collagen (Adler et al., 1985; Hall et al., 1987; Neugebauer et al., 1988) and rod photoreceptor cells require contact with Miiller cells to extend neurites in vitro, whereas laminin, fibronectin and type I collagen are much less effective substrates (Kljavin and Reh, 1991) .
We previously reported the isolation of several cDNAs for mRNAs specifically expressed in postmitotic differentiating quail neural retina cells (QNR) . Expression of these genes is down-regulated upon induction of cell proliferation by the V-SIC gene product (Guermah et al., 1990) .
One of these cDNAs,. termed QRI, appears particularly interesting and has been further characterized (Guermah et al., 1991; Pierani et al., 1993 Pierani et al., , 1995 . The QRZ mRNA seems to be restricted to Miiller glial cells and has not been detected in other embryonic tissues (Guermah et al., 1991) . QRI expression exclusively takes place during the late stages of quail NR development, being first detectable at embryonic day 9 (ED9), reaching a maximal expression at ED13 and falling below detectable levels abruptly at hatching (Guermah et al., 1991) . During the corresponding developmental stage in the chicken (Moscona and Degenstein, 198 l) , differentiation of cells at the inner and outer retinal layers (Miiller glial cells and photoreceptors, in particular) is taking place (Kahn, 1974) . Moreover, transcription of the QRI gene is downregulated when post-mitotic QNR are induced to proliferate by temperature sensitive mutants of the v-src gene at the permissive temperature (37°C) and is fully restored when these cells cease to divide upon transfer to the nonpermissive temperature (41°C) (Guermah et al., 1991) . Studies with conditional mutants of v-src that induce NR cell division in the absence of transformation suggested that negative control of QRI gene expression is primarily correlated with the mitogenic activity of pp60v-src (Guermah et al., 1991) . We have also shown that transcription of the QRI gene is turned on when proliferating infected cells are growth arrested by serum starvation . Taken together, these results suggest that QRZ transcription is correlated with cell quiescence both in ovo and in infected cells. Thus, pp60v-src is likely to block differentiation programs of postmitotic QNR cells by repressing the expression of genes involved in the transition from 'in to out' of the cycle and/or maintenance of the differentiated phenotype. Indeed, expression of a functional pp60v-src has been shown to prevent the establishment of differentiation programs in a variety of specialized cell types, in particular glial and neuronal cells (Simonneau et al., 1986; Menko and Boettiger, 1988; Trotter et al., 1989; Guermah et al., 1990; Vardimon et al., 1991; Pierani et al., 1993) . On the other hand, the src protooncogene is closely associated with neuronal differentiation (Cotton and Brugge, 1983; Alemh et al., 1985; Brugge et al., 1985; Lynch et al., 1986; Martinez et al., 1987) and appears to be developmentally regulated in the retina (Sorge et al., 1984; Vardimon et al., 1986) .
The QRl gene encodes a protein with significant similarity, although mostly restricted to the C-terminal part, to the extracellular matrix glycoprotein osteonectin/SPARC/ BM40 (Lankat-Buttgereit et al., 1988; Sage and Bornstein, 1991) , the SC1 and hevin proteins from rat brain (Johnston et al., 1990) and human high endothelial venule cells (Girard and Springer, 1995) , respectively. SPARC has been shown to induce changes in cell shape (Lane and Sage, 1990) to modulate cell cycle progression (Funk and Sage, 1991) and to be associated with cellular events required in tissue remodeling, cell movement, and/or proliferation (Lane and Sage, 1994) . Since cell-cell and cellmatrix interactions are essential for the correct differentiation and organization of the neural retinal layers (Cohen et al., 1987; Kljavin and Reh, 1991; Doherty and Walsh, 1992) we studied the possibility that the QRl proteins are secreted and associate with the extracellular matrix. We also investigated their localization during retinal maturation in correlation with proliferation and differentiation of avian retinal cells. In this report, we show that the QRl gene products are secreted proteins that are detected both in a diffusible form in the medium or associated with the extracellular matrix. We also show that their expression and localization in the developing avian retina appears to be tightly correlated with terminal mitosis and differentiation of Mtiller cells and rods.
Results

The &RI gene encodes several diffusible and extracellular matrix-bound glycoproteins
We previously showed that transcription of the QRI gene is repressed in proliferating QNR cells infected with RSV mutant tsNY68 at 37°C and resumes when these cells are growth arrested at 41°C (Guermah et al., 1991) . To characterize the QRI gene product(s), we immunoprecipitated [35S]methionine labeled cell extracts from virus-infected QNR cells, using a rabbit polyclonal serum raised against the N-terminal portion of the protein. The region selected to raise this antiserum does nqt share similarities with other proteins of the SPARC/osteonectin/ SC1 family. This antiserum specifically recognized two polypeptides of about 100 and 103 kDa in quiescent infected QNR cells maintained at 41°C (Fig. 1, lane 3) . In contrast, QRl proteins were barely detectable in immunoprecipitates from proliferating cells at 37°C (Fig. 1, lane  1) . No bands were detected using preimmune serum (Fig.  1, lanes 2 and 4) . Thus, the presence of the QRl proteins correlates with that of the QRI transcript.
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Ab. Since the SPARUosteonectin protein has been described as an extracellular matrix protein (Lane and Sage, 1994) and because of the presence of a signal peptide in the QRl protein primary structure, we examined the possibility that the QRl protein could also be secreted and associated with the extracellular matrix. By SDS-PAGE following immunoprecipitation of labeled cell extracts, the QRl proteins were detected both in the intracellular fraction from cells maintained at 41°C (Fig. 2A, lane 3) and in the culture medium ( Fig. 2A, lane 4) . While QRl appeared as several polypeptides ranging from 100 to 105 kDa in whole culture extracts ( Fig. 2A , lanes 2 and 3 and Fig. 2B , lane 2), a protein(s) migrating at about 108 kDa was detected only in the culture medium ( Fig.  2A, lane 4) . These proteins were not found in the supernatant of cells maintained at 37°C (Fig. 2A, lane 5) or when the preimmune serum was used to immunoprecipitate total cell extracts ( Fig. 2A, lane 1) . The presence of additional polypeptides with an apparent higher molecular weight was not reproducibly detected. In addition, we showed by Western blotting that the 100-105 kDa QRl proteins were able to associate with the extracellular matrix (Fig. 2B, lane 4) . Two additional polypeptides were detected in the culture medium, corresponding to 75 kDa and 60 kDa, respectively ( Fig. 2A, lane 4) . The 60 kDa protein appears to be a cleavage product containing the N-terminal portion of the QRl protein, since it has a lower apparent molecular weight than the predicted 78 200 of the QRl protein and it is recognized by the QRl antiserum in Western blotting following immunoprecipitation (data not shown).
To analyze the localization and the time of appearance of the different newly synthesized QRZ gene products, we carried out pulse-chase experiments. tsNY68-infected QNR cells maintained at 41°C were pulse-labeled with [35S]methionine for 15 min and further incubated in unlabeled medium for various durations. By immunoprecipitation with the anti-QRl serum we observed a progressive increase in size, from 100 to 105-108 kDa, of the newly synthesized QRl proteins in the cellular extracts (Fig. 3A , lanes l-6). The 105-108 and the 60 kDa proteins appeared to start accumulating 30 min after pulse in the cells with a peak at 1 h (Fig. 3A , lanes 3 and 4, respectively) and slowly decreased thereafter (lanes 5 and 6). Interestingly, the newly synthesized QRl 100-103 polypeptides were immediately detected in the extracellular matrix fraction (Fig. 3A , lanes 8 and 9, time 0 min and 15 min) and decreased progressively 1 h after pulse (Fig.  3A , lanes 11-13). On the contrary, the 108 and 60kDa proteins were not detected in the culture medium before 30 min after pulse (Fig. 3A , lane 16) and progressively accumulated (Fig. 3A, lanes 17-19) . The 60 kDa cleavage product was never found associated with the extracellular matrix, but only soluble in the supernatant. That the soluble and ECM-bound proteins are different in size is clearly shown by comparing these proteins 1 h after pulse . This strongly suggests that the 105-108 kDa protein(s) is released into the medium without being localized into the ECM. Thus, the 100-103 kDa QRl polypeptides appear to be exclusively associated with the ECM, whereas the 105-108 and 60 kDa proteins represent two soluble forms. Interestingly, the appearance of ECM-associated and mediumsoluble forms seem to display opposite kinetics.
Since several putative N-glycosylation sites are present in the QRl primary structure, we tested whether the different forms detected could result from the presence of Nlinked carbohydrates. Two polypeptides corresponding to 90 and 98 kDa were detected by Western blotting in total extracts from infected cells after treatment with tunicamycin (Fig. 4A , lane 2). When labeled cell extracts were analyzed by immunoprecipitation only the 98 kDa protein was present in the intracellular fraction and in the culture medium (Fig. 4B , lanes 2 and 4, respectively), whereas the 90 kDa polypeptide, together with the 98 kDa protein, was specifically detected in the extracellular matrix associated fraction (Fig. 4B , lanes 3 and 1). Thus, the QRl proteins are N-glycosylated but glycosylation does not appear to be required to allow secretion and association with the extracellular matrix.
The presence of the QRl protein(s) is correlated with cell quiescence
Since the QRl cDNA was isolated from post-mitotic neural retina cells and since QRI transcription seems to be closely related with growth arrest and differentiation (Guermah et al., 1990 (Guermah et al., , 1991 Pierani et al., 1993 Pierani et al., , 1995 Pouponnot et al., 1995) , we investigated the correlation between the presence of the QRl protein and cell proliferation. Cells infected with tsNY68 and maintained at either 37°C or 41°C were labeled with 5-bromo-2'-deoxyuridine (BrdU) and a double immunolocalization of BrdU and QRl protein(s) was subsequently performed. Numerous cells were stained with anti-BrdU antibodies in cultures proliferating at 37°C (Fig. 5a ), whereas only a few stained nuclei were found in growth arrested cells upon vsrc inactivation at 41°C (Fig. 5~) . The QRl protein(s) was detected solely in a subset of cells maintained at 41°C (Fig. 5d ), a confirmation that other cell types besides Miiller glial cells are present in such cultures. The QRl protein appeared to be concentrated in cytoplasmic areas asymmetrically from the nuclei, a localization which could correspond to the Golgi and secretion apparatus. Interestingly, QRl positive cells were often clustered, suggesting either that an already specified but still dividing progenitor cell is present in the culture at 37°C or that cell-cell interaction could positively induce expression of the QRl gene. The QRl protein was undetectable in cells undergoing DNA synthesis at either 37°C or 41°C ( Fig.  5b and d, see arrows) . Thus, proliferation and QZU expression appear to be mutually exclusive processes.
The presence of the QRI protein in the developing chicken retina coincides with growth arrest and differentiation
We studied the temporal pattern of QRI expression during chicken retina development. Developmental stages were chosen on the basis of our previous studies during quail development (Guermah et al., 1991) , taking into account the relationship between developmental stages in quail and chicken (Moscona and Degenstein, 1981) . There was no QRI expression detectable by Northern blot analysis at ED8 (Fig. 6, lane 1) . QRZ mRNA was first detected at ED10 (lane 2) and increased steadily thereafter, reaching maximal levels at ED15 (lane 5). It remained stable until ED17 (lane 7) and fell below detectable levels at ED18 (lane 8) and ED20 (data not shown). Western blot analysis of extracts from chicken retinas dissected at the same stages of development (Fig. 7) showed that the presence of QRI gene products, ranging from 92 to 100 kDa, correlated with that of the QRI transcript throughout embryogenesis, being first detectable at ED10 (Fig. 7, lane 2) and becoming undetectable by ED20 (Fig.  7, lane 9) . The higher molecular weight forms (9% 100 kDa) were strongly induced between ED12 and ED16 (Fig. 7, lanes 3-6) . The apparent difference in the molecular weights with respect to the experiments shown in Figs. l-4 was due to extract preparation and we have verified that the proteins found in infected cells have identical size as the in vivo retinal QRl proteins (lOO-105 kDa) (data not shown). Interestingly, at these same stages lower molecular weight forms of about 60-70 kDa were also detected, which might correspond to the QRl cleavage product detected in the culture medium of infected cells. The other polypeptides detected in these experiments do not appear to be specific, since they were not reproducibly found and were not revealed with other QRl antisera (data not shown). Therefore, QR1 gene expression occurs during the late phase of chicken neural retina development at the stage of growth arrest and dif- Since growth arrest and differentiation proceed according to two precise gradients in the retina, we studied the temporal and spatial distribution of the QRI gene product(s) in the developing chicken retina. Transversal sections were taken at the level of the optic nerve and contained both the peripheral and the proximal retina. The immunolocalization of the QRl protein(s) at different developmental stages and in different regions of the embryonic chicken retina is shown in Figs. 8-10 . The QRl protein(s) was undetectable in chicken retina at ED8 (Fig.  8A) . It became first visible at ED10 (Fig. 8B and C) , but the staining was weak and restricted to the area surrounding the optic nerve (Fig. 8C compared to 8B ). At ED12, the QRl protein(s) was present around the retina from the optic nerve to the periphery (Fig. 8D and F) . The staining was visible in the outermost part of the inner nuclear layer and in the inner part of the outer nuclear layer (as identified by nuclear staining using Hoechst 33342) (Fig. 8E) . Thus, it colocalized with the elongations of Miiller cells towards the photoreceptors, but not towards the ganglion cells. Maximal expression still colocalizing with the outer part of Miiller cell elongations was observed at ED14 ( Fig. 9A and C) and ED16 (Fig. lOA) . At this latter stage, the staining decreased around the optic nerve (Fig. 1OB) . At ED18, the staining was restricted to the peripheral retina (Fig. 1OC ) and was completely absent around the optic nerve (data not shown). The protein seemed to concentrate in patches around the inner segment of the photoreceptors and on both sides of the outer plexiform layer. At ED20, only residual staining was seen in the neural retina close to the iris and no staining at the optic nerve (Fig. 10D) . At days 1 and 4 post-hatching, no signal was detected at all in the neural retina (data not shown), At all stages fixation using acetone instead of paraformaldehyde gave similar results (as shown at ED14, Fig. 9A and C) and controls using preimmune serum were negative (Fig.  9D) . Thus, our data suggest that the presence of the QRl protein(s) parallels the pattern of differentiation of postmitotic photoreceptors and Miiller cells, reflecting the two differentiation gradients in the retina: from the ganglion cell layer to the inner and outer nuclear layers and from the optic nerve to the iris,
Discussion
Cell-cell and cell-matrix interactions are essential for the development of neural tissues (De Simone, 1994; Gonzales and Silver, 1994) . During differentiation of the visual system, such interactions have been implicated in cell migration and recognition as well as in axons and neurites growth (reviewed by Barnstable, 1987; Sanes, 1989; Reichardt et al., 1992; Holt and Harris, 1993) . We have shown that QRl, a retina-specific gene, is expressed during the late stages of chicken retinal development. Its expression begins when almost all cell types have withdrawn from the cell cycle and continues throughout differentiation until completion of this process. We also reported that the QRI gene encodes several secreted glycosylated proteins, which either associate with the extracellular matrix (the 100-103 kDa forms) or remain diffusible in the extracellular space (the 105-108 and 60 kDa forms). The presence of the QR1 gene products at the boundary between Miiller cells and photoreceptors during retinal development tightly parallels withdrawal from the cell cycle and differentiation of these cells, along the optic nerve to iris gradient. QRl shows a high degree of similarity to SPARC/ osteonectin, an extensively characterized protein. The sequence homology between QRl and SPARC is re- stricted to the 232 carboxy-terminal amino acids of both least in part, to N-glycosylations. We also showed that Nmolecules (74% identity between quail QRl and mouse glycosylation is not required for secretion or for associa-SPARC). In this region, they share a follistatin-like motif tion of the QRI gene product(s) with the extracellular (Patthy and Nikolics, 1993) , a putative N-glycosylation matrix, since the protein(s) is still detected in the ECM site, an a-helical region, a Ca*+-binding E-F hand and 14 fraction and in the culture medium upon treatment with cysteines with an identical distribution (Mason et al,, tunicamycin . Interestingly, the 100-103 kDa polypeptides 1986; Guermah et al., 1991) . In the N-terminus, both seem to represent earlier forms which become very rapproteins possess clusters of glutamyl residues that have idly incorporated into the ECM. In contrast, the 105-108 been implicated in the regulation of SPARC activity after and 60 kDa proteins appear to result from subsequent binding to Ca*+ ions (Engel et al., 1987) . Similar postmodifications and cleavage in the cells, respectively. The translational modifications may also be shared by both appearance of the 60 kDa form seems to correlate with proteins, since the predicted molecular weights are clearly that of higher molecular weight forms (105-108 kDa) in !ower than those evidenced by SDS-PAGE and since both cell extracts, suggesting that the cleavage product might QRl and SPARC present potential N-glycosylation, and derive from the 105-108 kDa proteins. Moreover, both probably 0-glycosylation, sites (Hughes et al., 1987 ; the 60 and 108 kDa proteins are secreted later and are not Guermah et al., 1991; Bassuk et al., 1993) . The QRl incorporated into the ECM but remain soluble in the meprotein deduced molecular weight is 78 200, but SDSdium. The amount of the cleavage product detected in the PAGE shows several products ranging between 100 and cells is much lower than that in the culture medium. Ac-108 kDa. We showed that this difference is attributable, at cumulation in the supernatant could either be due to an immediate secretion of the cleaved protein and a high stability of this protein in the medium or to a cleavage in the extracellular space itself by extracellular proteases, as reported for SPARC (Iruela-Arispe et al., 1995) . AIthough we cannot exclude that the 108 kDa protein is derived from the 100-103 kDa forms localized in the ECM, we think that this possibility is very unlikely because of the good correlation between the increase in size of intracellular QRI proteins and the appearance of the 108 and 60 kDa forms in the medium. Moreover, our data clearly show that the 60 kDa is never incorporated into the ECM. These results suggest that, because of their different localization, the distinct QRZ gene products might have different short-and long-range functions.
Interestingly, similar cleavage products of the QRl protein(s) appear to be also present in neural retina extracts at the time when the higher molecular weight, probably secreted forms, are detected. SPARC is also subjected to specific cleavage which seems to alter its function either by releasing active peptides or by changing its affinity for interacting molecules (Lane and Sage, 1994) . Furthermore, both the whole protein and the Qhelical and calcium-binding E-F hand domains of SPARC were shown to induce the expression of different extracellular matrix degrading metalloproteases (such as collagenase and stromelysin) in rabbit fibroblasts (Tremble et al., 1993) . Metalloproteases (type IV collagenase and transin) have been shown to participate in neurite outgrowth during neuronal regeneration, an effect induced by the nerve growth factor (Muir, 1994) .
In the present report, we showed that QRl expression and cell proliferation are two mutually exclusive processes, as shown by the BrdU incorporation studies. This result is in agreement with our previous observations that oncoproteins such as the v-src gene as well as v-fps and v-mil products downregulate QRI expression by inducing cell proliferation (Guermah et al., 1990 (Guermah et al., , 1991 . Further data correlating QRI expression and cell quiescence was also recently reported . QNR cells infected with &NY68 stop dividing at 37°C in the presence of low serum concentrations and QRI expression is then partially restored. Stimulation of QRI transcription by cell quiescence depends on the formation of a complex between the A box in the QRl gene regulatory region and the Cl factor. The Cl transcriptional regulator is also developmentally regulated in the retina (Pierani et al., 1993 , thus suggesting a precise link between differentiation-specific and growth arrest-specific signals during development of the neural retina and QRI expression.
The possible role of the QRI gene is suggested by the expression pattern of its mRNA and protein(s) in the chicken embryonic retina. Its appearance coincides both temporally and spatially with the beginning of Mtiller cells and rod photoreceptors differentiation (Kahn, 1974) . The QRl protein is detected at EDlO, when photoreceptors and at least a subpopulation of Mtiller cells are thought to begin differentiating and is colocalized with Miiller elongations directed towards the photoreceptors (outer nuclear layer), but not in the elongations towards the ganglion cell layer or around Miiller cells bodies (inner nuclear layer). As differentiation proceeds following the optic nerve-to-periphery gradient, QRl is specifically accumulated at the inner segment of the photoreceptors, just when photoreceptors are establishing their synaptic network with the rest of the neural retina (Kahn, 1974) . It is noteworthy that QRl expression shut off in the chicken is not directly related to hatching, as it was suggested by our data on quail retinas (Guermah et al., 1991) . In fact, the last steps in retinal development coincide with hatching in quail but they take place prior to hatching in chicken (Moscona and Degenstein, 1981) , in parallel with QRI expression. Regulation of QRI expression appears, therefore, to be due to an intrinsic developmental program, notably the completion of differentiation (Moscona and Degenstein, 198 1) .
Mtiller cells are the only glial cells internal to the neural retina and they span across the whole retina on the radial axis both during development and in the adult. Several developmental processes appear to occur along the radial axis of the retina such as asymmetrical division, migration, cellular differentiation and organization into strata. In different species, Miiller cells are among the last cells to withdraw from the cell cycle and differentiate together with rods (Fujita and Horii, 1963; Kahn, 1974; Carter-Dawson and LaVail, 1979) . The function of Mtiller cells is not clearly established yet. However, several pieces of evidence strongly suggest that they can serve as a substrate for neuronal migration and neurite outgrowth (Silver and Rutishauser, 1984; Halfter et al., 1988; Drazba and Lemmon, 1990; Kljavin and Reh, 1991; Neugebauer et al., 1991) , as structural framework and stem cells (Moscona et al., 1983; Reichenbach et al., 1991; Reichenbach, 1993) ; they could also participate in retinal metabolism (Reichenbach et al., 1993) and in induction of photoreceptor differentiation (Barnstable et al., 1988; Adler and Hatlee, 1989; Watanabe and Raff, 1990; Altshuler and Lillien, 1992; Reh, 1992) . Maturation of photoreceptors has been shown to require cell-cell or cell-matrix contacts (Watanabe and Raff, 1990) as well as diffusible signals (Altshuler et Cepko, 1992; Watanabe et Raff, 1992) . Moreover, the commitment of postmitotic precursor cells to differentiate as photoreceptors or as other retinal neurons seems to be regulated by positiondependent signals, as cells migrate to their final destinations (Adler and Hatlee, 1989) . In addition, photoreceptor differentiation has been related to contacts with the extracellular matrix (Hunter et al., 1992) and rat rod photoreceptor cells neurite extension has previously been shown to depend on contacts with Miiller cells (Kljavin and Reh, 1991) . An example of an extracellular protein influencing neuronal differentiation has been documented in Droso-phila, in which the anachronism locus codes for a glycoprotein secreted by glial cells that inhibits neuroblast proliferation, thus controlling the timing of the neurogenetical process (Ebens et al., 1993) . Interestingly, the SPARC protein was shown to exhibit antiproliferative effects which were attributed to different domains. Three SPARC peptides with extensive similarity to QRl are responsible for antispreading activity, binding to the extracellular matrix in a calcium-dependent manner (Lane and Sage, 1990 ) and regulation of cell cycle progression in bovine aortic endothelial cells (Funk and Sage, 1991) and DNA synthesis in mammalian endothelial cells and fibroblasts (Funk and Sage, 1993) , respectively. Thus, the QRl proteins could also be involved in timing photoreceptors withdrawal from the cell cycle at the onset of differentiation.
To our knowledge, QRI is the first gene specifically expressed in Miiller cells of the neural retina which encodes both diffusible and ECM-associated proteins, whose expression and localization is temporally and spatially regulated during development.
Thus, QRZ is a likely candidate for a key role in photoreceptors differentiation. QRI could be performing its function on photoreceptor differentiation and/or maturation by modifying the relationship between photoreceptors and their environment, either by creating a new communication pathway or by disrupting a preexisting one. An example of this latter possibility has been reported for the SPARClosteonectin protein, which can interact with PDGF, thus preventing binding to its receptor (Raines et al., 1992) or has been suggested for follistatin-like proteins which would provide a localized matrix-bound reservoir of growth factors by binding to them (Patthy and Nikolics, 1993) . In any case, both possibilities also provide a rationale for the extinction of QRl expression, suppressing a no longer needed communication or restoring a temporally 'out of order' pathway.
Experimental procedures
Localization of the QRI protein
Neural retinas were dissected from 7-day-old quail (Coturnix coturnix japonica) embryos and cells were dissociated as previously described (Pessac et al., 1983) . Neural retina cell cultures were maintained and passaged in Eagle's basal medium supplemented with 10% fetal calf serum. Cultures were infected with the Rous sarcoma virus temperature sensitive mutant &NY68 (Kawai and Hanafusa, 1971) as described (Pessac and Calothy, 1974) .
Cells were plated at 1.2 x lo6 in 100 mm plates and grown either at 37°C or 41°C. To assay whether the QRl protein was N-glycosylated, tunicamycin to a final concentration of 1 pg/ml was added for 16 h to tsNY68-infected cells maintained at 41°C.
To identify the QRI gene product, we prepared a rabbit polyclonal antiserum. Briefly, nucleotides 23 1450 (a BglII-KpnI fragment coding for the first 69 amino acids) were subcloned into the BamHI site of the pLC24 plasmid in frame with the bacteriophage MS2 polymerase (Remaut et al., 1981) . The bacterially expressed purified fusion protein was used to immunize rabbits. To test the specificity of the antiserum, lysates from tsNY68-infected cells kept at 37°C or at 41°C and labeled with lOO@i/ ml [35S]methionine for 5 h were immunoprecipitated and analyzed by SDS-7% PAGE.
For the experiments shown in Figs. 2-4 , 48 h after shifting the cells from 37 to 41"C, three different fractions were obtained using the method described by Yang and Lau (1991) , as follows: culture medium was collected and supplemented with protease inhibitors (1OOpM 4-(2-aminoethyl)-benzene sulfonyl fluoride (AEBSF) and 0.2 TIU/ml aprotinin); this is referred to as the soluble or S fraction. Cultures were washed twice with PBS at 4°C and then incubated with RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Nonidet P40, 0.5% sodium desoxycholate, supplemented with aprotinin and AEBSF, final concentrations of 3OOpM and lOOpM, respectively) at 4°C for 60 min. The lysate was then collected (cellular or C fraction) and plates were again washed twice with cold PBS. A second incubation with RIPA buffer, supplemented with 2 mM EDTA, was carried out at 80°C for 60 min. Dishes were then scraped with a rubber policeman and the supernatants were collected (extracellular matrix or E fraction). The extracts were analyzed by Western blotting (Figs. 2B and 4A) or immunoprecipitation followed by SDS-7% PAGE (Figs. 2A, 3 and 4B) . For the experiments shown in Fig. 2A and 4B, cells were placed in methionine-free medium for 1 h, subsequently labeled with lOO~Ci/ml of [3sS]-methionine for 5 h and collected for extracts preparation. For the pulse-chase experiments described in Fig. 3 , cells maintained at 41°C were labeled for 15 min and further incubated in unlabeled medium for various durations. 0 min, 15 min, 30 min, 1 h, 2.5 h or 5 h after medium replacement cellular and fractionated extracts were prepared as previously described.
For experiments described in Fig. 7 , neural retinas dissected at different stages of chicken embryonic development were solubilized in RIPA buffer and equal amounts of proteins (8Opg) were resolved on SDS-7% PAGE and analyzed by Western blotting. Proteins were detected by chemiluminescence under conditions recommended by the supplier (Amersham).
RNA extraction and Northern analysis
White Leghorn chicken (Callus gallus) fertilized eggs were incubated at 37°C until the desired stages (8, 10, 12, (14) (15) (16) (17) (18) . Neural retinas were dissected as previously described (Pessac et al., 1983) .
Total RNA was obtained by the method of Chomczynski and Sacchi (1987) . Dissections were carried out in phosphate-buffered saline (PBS) at 4°C and retinas were tion in 90% ethanol, 5% acetic acid and treatment with homogenized in a solution containing 4 M guanidium 0.02% saponin in PBS, cells were incubated with both thiocyanate, 25 mM sodium citrate (pH 7.0) and 0.5% Nanti-QRl and anti-BrdU sera diluted 1: 100. The presence lauroylsarcosine.
Homogenates were stored at -80°C until of the QRl protein and the incorporation of BrdU into RNA purification was performed. Homogenates were DNA were subsequently detected by indirect immunothen supplemented with 40pM B-mercaptoethanol, fluorescence (with a fluorescein isothiocyanate-conju-100 mM sodium acetate and 50% (v/v) phenol was added gated donkey anti-rabbit IgG) and immunoperoxidase prior to RNA extraction. staining, respectively. QRZ mRNA expression was analyzed by Northern blotting. A full length QRI cDNA (Guermah et al., 1991) was labeled with [32P]dCTP and used as a probe. The filters were also hybridized with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) avian probe to assess the amount of RNA.
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Tissue section preparation and immunojluorescence
For cryosection, vitreous was removed and chicken eyes fixed at 4°C either in 4% paraformaldehyde in PBS for 2 h or in acetone for 20 min. They were mounted in Tissue Tek (OCT, Miles, Puteaux, France), frozen in liquid nitrogen and stored at -70°C before cutting. Sections were prepared at -2O'C with a Bright OTF/AS cryostat (Dhondt Instruments Scientifiques, Blanc-Mesnil, France). Serial transversal 1Opm thick sections were taken at the level of the optic nerve and collected on slides previously coated with 2% gelatin and 0.05% chrome-alum and stored at -20°C.
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Immunofluorescence was performed on tissue sections from embryonic days 8, 10, 12, 14, 16, 18 and 20 and days 1 and 4 post-hatching. All assays were carried out in duplicate, each using four tissue sections. OCT was extracted from sections by washing three times for 2 min with PBS. Sections were first saturated for 15 min with 5% non-fat dried milk in PBS and permeabilized with 0.1% Tween-20, then incubated at room temperature in a humid chamber for 90 min with a rabbit anti-QRl serum (or the preimmune serum), diluted 1: 1000 in saturation solution (5% milk, 0.1% Tween-20). Sections were washed six times for 5 min each in PBS, 1% milk, 0.05% Tween-20. Incubation with the second antibody, fluorescein isothiocyanate-conjugated sheep anti-rabbit IgG diluted 1:500 in saturation solution, was performed in a humid chamber in the dark for 60 min. After three 5 min washes with PBS, nuclear staining was done with 0.25% Hoechst 33342 (Sigma, France) diluted 1: 1000 in PBS for 5 min followed by three more 5 min washes with PBS. Sections were mounted in glycerol/PBS (l:l), visualized with a Leitz Aristiplan microscope by epifluorescence and photographed with Ilford HP5 film.
